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[1] Ocean mass variations are important for diagnosing sea level budgets, the hydrological
cycle, the global energy budget, and ocean circulation variability. Here seasonal cycles and
decadal trends of ocean mass from January 2003 to December 2012, both global and
regional, are analyzed using GRACE Release-05 data. The trend of global ﬂux of mass into
the ocean approaches 2 cm decade1 in equivalent sea level rise. Regional trends are of
similar magnitude, with the North Paciﬁc, South Atlantic, and South Indian oceans
generally gaining mass and other regions losing mass. These trends suggest a spin-down of
the North Paciﬁc western boundary current extension and the Antarctic Circumpolar
Current in the South Atlantic and South Indian oceans. The global average seasonal cycle of
ocean mass is about 1 cm in amplitude, with a maximum in early October and volume
ﬂuxes in and out of the ocean reaching 0.5 Sv (1 Sv ¼ 1  106 m3 s1) when integrated over
the area analyzed here. Regional patterns of seasonal ocean mass change have typical
amplitudes of 1–4 cm, and include maxima in the subtropics and minima in the subpolar
regions in hemispheric winters. The subtropical mass gains and subpolar mass losses in the
winter spin-up both subtropical and subpolar gyres, hence the western boundary current
extensions. Seasonal variations in these currents are order 10 Sv, but since the associated
depth-averaged current variations are only order 0.1 cm s1, they would be difﬁcult to
detect using in situ oceanographic instruments.
Citation: Johnson, G. C., and D. P. Chambers (2013), Ocean bottom pressure seasonal cycles and decadal trends from GRACE
Release-05: Ocean circulation implications, J. Geophys. Res. Oceans, 118, 4228–4240, doi:10.1002/jgrc.20307.

1.

Introduction

[2] Variations in the mass of the ocean are important in
terms of their global integral, making a large contribution
to the sea level budget, especially the contributions from
land ice melt and changes in land water storage [Chambers
and Schroter, 2011]. Hence, these changes are relevant to
estimating the rate of global energy storage, since sea level
and energy changes are connected by ocean heat storage
and ocean expansion [Church et al., 2011]. Ocean heat
storage in turn has a strong bearing [Hughes et al., 2012]
on Earth’s changing climate [Winton et al., 2010]. Local
mass variations are also of interest because mass changes
allow estimations of bottom pressure changes, and bottom
pressure changes allow estimation of variations in bottom
geostrophic velocities, giving insight into ocean circulation
changes [Köhl et al., 2012].
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[3] Historically, ocean mass variations, whether global
or regional, have been difﬁcult to diagnose. Bottom pressure recorders (BPRs) have been deployed in regional
arrays in concert with inverted echo-sounders and other
instruments for short-term process studies such as in western boundary currents like the Kuroshio [Park et al., 2012],
to monitor transport variability at circulation choke-points
like the Drake Passage [Meredith et al., 2011], and in
sparse global arrays to monitor tsunami signatures
[Gonzalez et al., 2005]. However, BPRs can exhibit substantial drift in measured pressure over time, sometimes
exceeding the equivalent of 10 cm yr1 of sea level change.
Also, this drift is generally nonlinear. Thus, while BPRs
provide highly accurate measurements of short-period barotropic variations, such as tides and tsunamis, and even
potentially the seasonal variation in ocean mass if situated
in a speciﬁc area of the tropical Paciﬁc [Hughes et al.,
2012], they are less suitable for measuring low-frequency
mass ﬂuctuations associated with climatic changes, unless
multiple instruments with long (3–6 month) overlaps are
deployed in order to estimate and remove drift.
[4] Because of the spatial and mechanical limitations of
BPRs, most of our knowledge of ocean mass variability has
come from examining ocean bottom pressure calculated
from model state estimates. Many studies have quantiﬁed
seasonal and subseasonal variability [Ponte, 1999; Stammer
et al., 1996; Stepanov and Hughes, 2006] and its
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relationship to wind stress curl, and more recent studies have
begun to identify low-frequency variations in some regions,
with time scales from 2 to 3 years [Chambers, 2011; Chambers and Willis, 2009; Song and Zlotnicki, 2008].
[5] Although ocean general circulation models have
been used to study low-frequency ocean mass variability,
results are often suspect owing to the time scale needed for
deep ocean conditions to equilibrate : of order 100 years or
longer. As a result, deep ocean state parameters will often
drift during model runs. This drift will be reﬂected in the
ocean bottom pressure in the model. The potential for drift
is particularly a problem in forward models that do not
assimilate observations in a state estimation [Stammer et
al., 2002]. There have been very few observations of deep
state parameters so these may be poorly constrained even
in data-assimilating models.
[6] Here we analyze seasonal cycles and decadal trends
of mass (or sea level), both global integrals and gyre-scale
signals, using mapped bottom pressure data calculated
from the Gravity Recovery and Climate Experiment
(GRACE), focusing on their implications for ocean circulation variability. While GRACE data do have issues, discussed below, there should be no intrinsic instrument drift
due to the nature of the raw measurement [Tapley et al.,
2004]. Any drift in the estimated gravity coefﬁcients would
have to arise from corrections needed to estimate water
mass variability, including the atmospheric and glacial isostatic adjustment models. However, numerous studies have
compared the most recent GRACE mass variations to in
situ measurements or model output, both on large scales
over the ocean [e.g., Boening et al., 2012; Chambers and
Schroter, 2011; Leuliette and Willis, 2011; Piecuch et al.,
2013] or smaller scales in the ocean, on land, or on ice
sheets [e.g., Chambers, 2011; Landerer and Volkov, 2013;
Rignot et al., 2011; Wang et al., 2011]. None of these studies have found drifts signiﬁcant compared to the expected
signal. Thus, the GRACE measurements are useful for
quantifying longer-term changes in ocean mass related to
climatic changes in the ocean circulation.
[7] The remainder of the manuscript is organized as follows: section 2 describes the GRACE data used here to study
trends and seasonal cycles of ocean mass. Section 3 describes
the estimation of global and local trends in ocean mass, their
seasonal cycles, and their statistical signiﬁcance. Section 4
discusses the results gained from the analyses described in
section 3. Section 5 applies mass balance to discuss seasonal
redistribution of mass among gyres or basins and between
the ocean and the atmosphere, land, and cryosphere, as well
as applying the geostrophic relation to estimate transport variations associated with mass changes on decadal and seasonal
time scales in a few select locations. Section 6 summarizes
the results and recasts the transport variations in terms of horizontal displacements for depth-averaged velocities. Appendix A demonstrates that global trends and seasonal cycles are
better estimated using an unsmoothed averaging kernel than
the 500 km smoothed maps.

2.

Data

[8] The GRACE project computes a global gravity ﬁeld
in terms of spherical harmonics every month [Tapley et al.,
2004]. From these harmonics, one can compute the mass

variation over the ocean as water is redistributed, and
express it as either ocean bottom pressure, or in the equivalent sea level [Chambers and Schroter, 2011; Wahr et al.,
1998]. One signiﬁcant problem with using GRACE observations to study ocean mass variability arises from much
stronger mass variations from land hydrology ﬂuctuations
and mass losses from the ice sheets. These signals are 50
times larger than ocean mass variations and will leak into
the ocean. Additionally, GRACE suffers from a correlated
error that causes erroneous north-south stripes in the
mapped data [Swenson and Wahr, 2006]. To use GRACE
data over the ocean, both issues must be corrected.
[9] We use methods detailed previously [Chambers and
Bonin, 2012] to reduce leakage and the stripes. The leakage
correction is based on estimating the leakage over the
ocean using maps of land and ice sheet mass change from
GRACE and removing this artifact from mapped data over
the ocean. The corrected data have signiﬁcantly smaller
leakage error in the interior ocean and along coastlines
[e.g., Chambers and Bonin, 2012, Figure 2] but the leakage
is not completely removed. Residual errors are still relatively high around Greenland and West Antarctica. With
these corrections and an additional 500 km Gaussian
smoother applied, the latest release, GRACE Release-05,
has greatly improved quality compared with previous
releases over the ocean, with standard errors of 1 cm of
equivalent water thickness [Chambers and Bonin, 2012].
The ocean maps are available at http://grace.jpl.nasa.gov,
and are processed as described by Chambers and Bonin
[2012] with the exception that a new glacial isostatic
adjustment (GIA) model [A et al., 2013] is used. While we
analyze maps made with coefﬁcients from the three processing centers—the Center for Space Research (CSR), the
Helmholtz Centre Potsdam, German Research Centre for
Geosciences (Deutsches GeoForschungsZentrum (GFZ)),
and the Jet Propulsion Laboratory (JPL)—for simplicity,
we present results primarily for the CSR maps.
[10] The maps from the three processing centers are all
available from January 2003 to December 2012 and are
missing 6 months (June 2003, January 2004, January 2011,
June 2011, May 2012, and October 2012) resulting in a
total of 114 monthly maps spanning a full decade. Especially recently, maps for a given month sometimes are not
based on a full month of data, and may be based on data
spanning parts of two different months. This change is
owing to efforts to maximize science data despite weakening batteries in the aging spacecraft.
[11] The mapped GRACE data quantify ocean bottom
pressure as it would be measured by a BPR, including mass
redistribution, global mean ocean mass changes from cycling
of water between the land and ocean, and a monthly varying
global atmospheric pressure loading ﬂuctuation. While this
latter signal shows up in BPRs, the ocean response is uniformly distributed across the global ocean, and so does not
impact large-scale ocean circulation variability. We therefore
remove the monthly global atmospheric pressure loading signal based on the monthly averaged pressure from the atmosphere dealiasing product used with the GRACE project,
which is based on the European Centre for Medium-Range
Weather Forecasts (ECMWF) model [Flechtner, 2007].
[12] While these maps are very useful for analyzing spatial patterns, the smoothing applied to them attenuates
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long-wavelength signals such as the globally averaged
trend and seasonal cycle of ocean mass [Chambers and
Schroter, 2011] (Appendix A). For this analysis we follow
Chambers and Schroter [2011], but using Release-05 coefﬁcients with the new glacial isostatic adjustment model [A
et al., 2013]. We use the same time period as for the maps
detailed above.
[13] Following Chambers [2009], here, we consider only
interior ocean >300 km from coasts of continents and large
islands to minimize land and ice contamination of ocean
signal. Ocean areas around land masses that span fewer
than two adjoining grid points are not masked. After masking, the remaining ocean surface area, 2.37  1014 m2, is
about two thirds of that of the total ocean, which is 3.61 
1014 m2.
[14] Because global ocean mass variations may be very
nearly in equilibrium [Ponte et al., 2007], the main issue
with ignoring coastal regions in global averages would
arise only if there were a large redistribution of mass
between the coastal and deep waters. We can estimate this
potential error of omission using the output of an ocean
model. Here we use ocean bottom pressure from a global
ocean data assimilation for 1993–2011 (JPL Estimating the
Circulation and Climate of the Ocean (ECCO) data downloaded from http://grace.jpl.nasa.gov/data/ECCOOBP/ on
21 August 2012; Fukumori [2002] ; Kim et al. [2007]). The
residuals in mean ocean bottom pressure using the total surface area and the reduced surface area have a standard
deviation of 0.8 mm sea level equivalent. There is a small
seasonal variation (0.5 mm amplitude), and an even
smaller trend (0.1 mm yr1). These uncertainties are all signiﬁcantly smaller than both the uncertainty in the mean
ocean mass estimates and the mean ocean mass variation
itself [Chambers and Schroter, 2011] and so are not likely
to be important. Moreover, using GRACE too close to land
has been shown to signiﬁcantly bias trends [Chambers,
2009].

3.

Methods

[15] We ﬁrst estimate a mean value, trend, annual harmonics, and semiannual harmonics for the global areaaverage monthly mass anomalies from the 500 km smoothed
maps and from the unsmoothed averaging kernel. We then
remove the former ﬁts from the monthly maps at every location and time. The results that follow would change negligibly if we were to remove the global area-average anomaly
for every month from the monthly maps instead. We choose
the former course of action because it collapses the changes
into just six parameters that account for all but 11–22% of
the variance in the integrals of 500 km smoothed maps from
the three processing centers and all but 4–6% of the variance
in the global averages of the unsmoothed averaging kernels
(Table 1). This course of action is also arguably more statistically robust than removing a monthly climatology. The
ocean response to exchanges of water with other reservoirs
(e.g., land storage, the cryosphere, and the atmosphere) is
effectively uniformly distributed across the global ocean,
and so does not impact large-scale ocean circulation variability [Ponte et al., 2007].
[16] Following removal of the global ﬁts from the
monthly maps, we ﬁt a mean value, a trend, an annual har-

Table 1. Results From Fits to Global-Mean Ocean Mass Data
From GRACE Release-05 500 km Smoothed Maps (e.g., CSR500) and Unsmoothed Averaging Kernels (e.g., CSR-AK) Masking Out Data Within 300 km of Coasts (See Figure 2)a
Trend

Annual Harmonic

Version

T (cm
decade1)

A (cm)

CSR-500
GFZ-500
JLP-500
CSR-AK
GFZ-AK
JPL-AK

0.66 (60.14)
0.54 (60.08)
0.54 (60.11)
1.8 (60.15)
1.7 (60.13)
1.8 (60.17)

0.45 (60.08)
0.38 (60.04)
0.45 (60.06)
1.10 (60.09)
1.02 (60.07)
1.10 (60.09)

Residual

 (daymonth)  (cm)  (mo) F (%)
21 Sep
20 Sep
21 Sep
7 Oct
10 Oct
9 Oct

0.21
0.11
0.17
0.22
0.18
0.24

3.5
1.8
2.6
4.5
4.1
4.0

22
11
17
5
4
6

a
Data are monthly values from January 2003 to December 2012 (e.g.,
Figure 1). Here T is the trend, A the annual harmonic amplitude,  the annual harmonic phase at its maximum,  the standard deviation of the residual,  the decorrelation time scale of the residual, and F the fraction of
total variance accounted for by the residual. Uncertainties are given in
parentheses after amplitudes as 95% two-tailed conﬁdence limits.

monic, and a semiannual harmonic to each resulting time
series at every geographic location. For all ﬁts (including
the global one) we ﬁnd the standard errors of the ﬁt coefﬁcients [Wunsch, 1996]. We estimate the decorrelation time
scales for all ﬁts as twice the maximum of the integrals of
the autocovariances of the residual time series [von Storch
and Zwiers, 1999]. We then apply Student’s t distribution
to ﬁnd two-tailed 95% conﬁdence limits for each parameter
using the ﬁt coefﬁcient standard errors and the decorrelation time scales.

4. Results: Spatial and Temporal Ocean Mass
Redistributions
[17] First we discuss the trend, seasonal cycle, and residuals of the global area-average monthly time series of
ocean mass from the 500 km smoothed maps and the
unsmoothed averaging kernel. After removing the global
trend and seasonal cycle from the monthly maps, we analyze the spatial patterns of trends and seasonal cycles ﬁt
locally to them, as well as spatial patterns of the residuals.
4.1. Global Area-Averages
[18] Global transfers of mass between the ocean and other
reservoirs (air, land, and ice) have been discussed recently
[Boening et al., 2012; Chambers and Schroter, 2011; Leuliette and Willis, 2011]. These studies have compared the
global mean ocean mass variations with global mean sea
level (GMSL) from altimetry and global mean thermosteric
sea level estimated from Argo temperature data. All show
that large interannual global mean mass variations are
reﬂected in GMSL (explaining some 70% of the trend since
2005), and that the sea level budget closes within the uncertainties. Aside from needing to remove the time series of
global ocean mass for subsequent analysis to detect variations related to ocean dynamics, we also discuss the time series themselves (Figure 1 and Table 1). This comparison
emphasizes a problem with estimating mean ocean mass
trends from the mapped GRACE data [Chambers, 2009].
[19] As noted in section 2, ﬁltering and smoothing are
necessary to reduce short-wavelength random and
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Figure 1. Monthly global area-average interior ocean
mass values in sea level equivalent (centimeter) from (a)
monthly GRACE Release-05 CSR 500 km smoothed maps
and (b) the unsmoothed averaging kernel (see text). Data
(black crosses) are ﬁt to an annual harmonic, semiannual
harmonic, and trend (magenta solid line, dot-dashed line
shows trend alone) and the residual from that ﬁt (purple
line) is displayed. Data within 300 km of coastlines (see
Figure 2) are not considered.
correlated errors that swamp the longer-wavelength signals
related to changes in the gyre circulation [Chambers and
Bonin, 2012]. However, this ﬁltering (primarily from the
destriping algorithm and residual leakage) also attenuates
long-wavelength signals (including global mean ocean
mass changes). Using an averaging kernel with no smoothing minimizes this effect [Chambers, 2009]. Studies showing closure of the sea level budget [Boening et al., 2012;
Chambers and Schroter, 2011; Leuliette and Willis, 2011]
all use the averaging kernel method for computing global
mean ocean mass. The effect of the smoothing can be demonstrated using a set of simulated gravity ﬁeld coefﬁcients
(see Appendix A).
[20] The attenuation of global signals in the 500 km
smoothed maps is also apparent when time series of globally averaged ocean mass computed from the GRACE
Release-05 maps are compared with estimates from the
unsmoothed averaging kernel (Figure 1) that has been optimized with a scaling factor of 1.1 to account for signal
attenuation [Chambers, 2009]. Attenuation can be quantiﬁed for both the global mean seasonal cycles and the trends
ﬁt to these different time series (Table 1). The global trends
estimated using the 500 km smoothed maps are roughly a

third of the 1.8 cm decade1 estimated from the
unsmoothed averaging kernel. The annual harmonic amplitudes estimated from the smoothed maps are less than half
of the 1.1 cm estimated from the unsmoothed averaging
kernels. The semiannual harmonics for the global averages
are so small, generally accounting for less than 1% of the
total variance in analyses of both the smoothed maps and
unsmoothed averaging kernels, that they are not discussed
further.
[21] The residuals from the global ﬁt have standard deviations of 0.1–0.2 cm, and 2–4 month decorrelation time
scales (Table 1). They account for only 4–22% of the total
variance, with much smaller percentages for the
unsmoothed averaging kernels than the smoothed maps.
The CSR and JPL versions tend to have slightly larger amplitude annual harmonics and the GFZ version smaller
residuals perhaps with shorter decorrelation time scales.
Signiﬁcant signals remain in the residual (Figure 1), such
as global land-ocean water storage signatures of El Ni~noSouthern Oscillation (ENSO), most notably the large land
storage associated with the 2011 La Ni~na [Boening et al.,
2012]. The dip in the residual of the global mean from the
CSR 500 km smoothed maps in early 2003 (Figure 1a)
does not appear in that from the averaging kernel (Figure
1b) or any of the other products (not shown). The causes of
this dip are unclear, but as it does not appear in the results
from the averaging kernel, it may be an artifact of the destriping or leakage correction of the mapped data.
[22] The attenuation of the trends and seasonal cycles in
the global integrals of ocean mass anomalies from the 500
km smoothed monthly maps compared to those from the
unsmoothed averaging kernels (Figure 1 and Table 1) raises
the possibility that there may also be some attenuation in
regional trends and seasonal cycles from the 500 km
smoothed maps, but it should not be as pronounced as for
the global integrals. Ocean bottom pressure variance in a
model is reduced by only 10% with a 500 km ﬁlter [Chambers and Bonin, 2012]. Regional studies comparing the 500
km smoothed GRACE maps with steric-corrected altimetry
in the North Paciﬁc [Chambers, 2011; Chambers and Willis, 2008] ﬁnd no evidence of signiﬁcant attenuation in either the seasonal amplitude or the trend. Another regional
study in the southeast Paciﬁc [Boening et al., 2011] reveals
no noticeable attenuation of monthly or interannual signals
when comparing the 500 km smoothed GRACE maps with
mapped altimetry data.
[23] Again, the trend and the seasonal cycle of the global
mean have negligible impact on ocean circulation variability, so they are removed to allow focus on large-scale redistributions of mass within the ocean. For this purpose, we
use the ﬁts based on the unscaled time series of global
means from the 500 km smoothed maps, as they reﬂect the
signals in the mapped data.
4.2. Spatial Patterns
[24] Regional trends in the CSR maps suggest gains of
mass in the Arctic, North Paciﬁc, and South Atlantic
oceans and losses of mass in the South Paciﬁc, North Atlantic, and Indian oceans (Figure 2). The pattern off Banda
Aceh, Indonesia, is mostly likely an artifact associated with
the 26 December 2004 earthquake there, which has a strong
gravitational signal [Chen et al., 2007; Han et al., 2006].
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Figure 2. Bottom pressure trends expressed as equivalent sea level height (colors, in centimeters per
decade) ﬁt to monthly GRACE Release-05 (a) CSR and (b) GFZ 500 km smoothed maps (concurrently
with annual and semiannual harmonics) after removal of ﬁt global mean trends, annual, and semiannual
harmonics (Figure 1a). Averaging areas for transport and velocity trend estimates are shown for the CSR
trends (Figure 2a, thick black outlines in the North Paciﬁc and southwest Indian oceans). The 97.5% conﬁdence interval for difference from zero is also indicated (solid black lines). Data within 300 km of
coastlines are not considered.
Large negative trends south of Greenland and north of the
West Antarctic Peninsula are likely owing to large ice mass
loss signals leaking into the ocean even after attempting to
correct with estimates based on GRACE [Chambers and
Bonin, 2012]. The positive trends in the North Paciﬁc have
been discussed [Chambers, 2011; Chambers and Willis,

2008], veriﬁed with steric-corrected altimetry, and linked
to low-frequency changes in the wind-stress curl over the
region [Chambers, 2011]. The trend in the Arctic is related
to low-frequency changes in the circulation there, with a
signiﬁcant increase in dynamic topography (pressure)
between 2005 and 2008 over the Beaufort Gyre. These
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changes have been documented using a combination of
GRACE observations, oceanographic section data, BPRs,
and International Council for the Exploration of the Sea
(ICES) at laser altimetry [Morison et al., 2012]. Ocean bottom pressure ﬂuctuations measured by GRACE explain
over 60% of the interannual variance in sea level in the
Amundsen-Bellingshausen,
South
Australian,
and
Weddell-Enderby basins, as well as the east Greenland Sea
[Piecuch et al., 2013]—all areas where we observe signiﬁcant trends. Because of limitations in the coverage of altimetry, this near-global study does not assess the region in the
South Atlantic where the large zonal positive rise is
observed. However, the rise is unlikely to be owing to signal leakage from Antarctica, as mass losses over East Antarctica are quite low. It may reﬂect low-frequency
ﬂuctuations in the transport of the Antarctic Circumpolar
Current and associated subpolar gyres, but more work will
be required to verify that hypothesis.
[25] The regional trends from the CSR (Figure 2a) and
JPL (not shown) maps are similar at large scales, but trends
from the GFZ (Figure 2b) maps are qualitatively different.
The latter indicates increases in the northwestern and eastern Paciﬁc Ocean, and decreases in between, as well as a
decrease in all but the western South Atlantic Ocean. All
centers (CSR, JPL, and CSR) use slightly different processing schemes, and the GFZ tide model is different from that
used by JPL and CSR. Because changes in meridional
transport driven by wind-stress variations are integrated
westward from the eastern boundary [e.g., Sverdrup, 1947]
the large zonal gradients in trends in the GFZ maps that are
meridionally coherent across multiple gyres (e.g., tropical,
subtropical, and subpolar in the Central Paciﬁc) seem less
plausible from an ocean dynamical standpoint than the
more zonally coherent basin-wide trends in the CSR (and
JPL) maps.
[26] Peak values in any given location are <5 cm decade1 outside of suspect areas (west of Banda Aceh, south
of Greenland, and north of West Antarctica). Basin redistributions for trends over the decade of 2003–2012 are
small, even when summed over large areas. For instance,
the areas in the Paciﬁc gaining mass relative to the global
trend according to the CSR maps (mostly in the North Paciﬁc) are doing so at a rate of 3.7 mSv (1 mSv ¼ 1  103
m3 s1), equivalent to an areal average of 1.9 cm decade1,
and those areas losing mass relative to the global trend in
the Paciﬁc (mostly in the South Paciﬁc) are doing so at a
very similar rate and areal average. Intergyre ﬂuxes of
order 1 mSv are impossible to measure using modern in
situ measurement methods. While we only assess the decadal trends here, there are also notable interannual intergyre
and interbasin ﬂuxes [Chambers and Willis, 2009].
[27] The spatial patterns for the annual harmonic ﬁts
from the CSR maps are remarkably clear in both phase and
amplitude (Figure 3) compared with previous analyses
[Ponte et al., 2007]. However, those analyses had a much
shorter record with which to work, and so were more subject to aliasing by longer and shorter period energy. In
addition, GRACE Release-05 appears to be superior to earlier releases both in terms of quality and agreement among
the versions of the data from different centers [Chambers
and Bonin, 2012]. This agreement is well reﬂected in the
phase and amplitude of the annual harmonic ﬁts to the GFZ

and JPL maps (not shown), which are very similar to the
results from the CSR maps.
[28] The July-August maximum in the subtropical South
Paciﬁc is very prominent in the CSR maps (Figure 3), being
strongest in the western part of the basin near 25 S, but
extending across the entire basin from 40 S–30 S to 5 N–
15 N. This same Austral winter maximum is apparent
across the entire Indian Ocean north of around 30 S, with
no obvious zonal gradient in amplitude, in contrast to the
clear westward intensiﬁcation in the South Paciﬁc. There is
a smaller area with a slightly earlier maximum (April-May)
centered near the Tropic of Capricorn in the South Atlantic.
In all of these regions there are large areas where the annual harmonic is signiﬁcantly different from zero at 97.5%
conﬁdence. In contrast, there is a Boreal winter (December
to February) maximum in the subtropical North Paciﬁc and
all of the North Atlantic. The North Atlantic amplitudes
contain a hint of westward intensiﬁcation, whereas those in
the subtropical North Paciﬁc do not. These patterns are
broadly consistent with winter maxima in Ekman pumping
in subtropical gyres [Risien and Chelton, 2008]. However,
if these patterns are driven by seasonal variations in the
winds, one might expect western amplitude intensiﬁcation
in all these basins, not just the South Paciﬁc and North
Atlantic.
[29] The annual harmonic in the subpolar North Paciﬁc
(Figure 3) shows the largest amplitude in the west, with a
maximum in July (hence a minimum in January, consistent
with increased Ekman suction and a depth-integrated gyre
strengthening in Boreal winter). The subpolar Southern
Ocean exhibits a maximum in January-February (hence a
minimum in July–August, consistent with depth-averaged
strengthening of the subpolar gyres and Antarctic Circumpolar Current in Austral winter).
[30] The semiannual harmonic from the CSR maps (Figure 4) is generally much smaller in amplitude than the annual harmonic, with less coherent phasing, as for the GFZ
and JPL maps (not shown). Furthermore, the only large
statistically signiﬁcant patches in common among the three
versions of GRACE Release-05 are found in the western
subpolar North Paciﬁc, eastern subpolar South Paciﬁc, and
just west of Indonesia. The North Paciﬁc patch acts to intensify mass loss in the subpolar gyre in January, working
together with the annual harmonic in that Boreal winter to
increase the gyre strength then. This combination of phasing means that there is not much mass change in the North
Paciﬁc Subpolar Gyre outside of the Boreal winter,
although the maximum in mass does occur in late September. There is another large amplitude patch of the semiannual harmonic in the eastern South Paciﬁc. That region is
dominated by semiannual variability, with maxima in mass
in January and June. While this result is statistically signiﬁcantly different from zero at 97.5% conﬁdence, it may arise
from aliasing of energetic barotropic variations on shorter
time scales. Such subseasonal variations are typical of
high-latitude basins with nearly closed potential vorticity
contours [Weijer et al., 2009], and could leak energy into
the semiannual harmonic. Semiannual signatures in sea surface height are prominent in the Indian Ocean [Basu et al.,
2000], and the small statistically signiﬁcant patches there
may reﬂect real oceanographic signals, with the eastern Indian Ocean patch in the CSR maps (Figure 4) also visible
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Figure 3. (a) Amplitude (colors, in centimeters) and (b) phase (colors, in months of the year) of an annual harmonic ﬁt to monthly GRACE Release-05 CSR 500 km smoothed maps (concurrently with a
trend and the semiannual harmonic). Parallels and meridians across which seasonal geostrophic velocity
and transport estimates are made are shown (thick black lines). Other details follow Figure 2.
in the other two maps and the central Indian Ocean patch
seen in both the CSR and GFZ maps.
[31] After ﬁtting and removing local seasonal variations
and trends, residual variance is large in high-latitude basins
(Figure 5), much as expected dynamically [Ponte, 1999;

Weijer et al., 2009]: in the Argentine Basin of the southwest
Atlantic, the Bellinghausen Basin of the southeast Paciﬁc, the
Australian-Antarctic Basin of the southeast Indian Ocean, and
even the western subpolar North Paciﬁc. Decorrelation time
scales of the residuals at each location (not shown) are most
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Figure 4. (a) Amplitude (colors, in centimeters) and (b) phase (colors, in months of the year) of a
semiannual harmonic ﬁt to monthly GRACE Release-05 CSR 500 km smoothed maps (concurrently
with a trend and the annual harmonic). Other details follow Figure 3.
frequently found near 1.5 months, but because of higher values in a few isolated locations (with some of the highest values in the suspect areas near Greenland, West Antarctica, and
Banda Aceh), the area average is about 2 months. The maps
of GFZ and JPL residual amplitudes (not shown) are very
similar to that of the CSR residual amplitude.

5. Discussion: Ocean Mass-Related Velocity and
Transport Variations
[32] In the 500 km smoothed maps, seasonal mass
redistributions among the ocean regions with similar phase
(Figure 6, colored lines) are comparable in magnitude to
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Figure 5. Root-mean-square amplitude (colors, in centimeters) of the residual variance for monthly
GRACE Release-05 CSR 500 km smoothed maps after ﬁtting and removing trends, annual harmonics,
and semiannual harmonics both globally and regionally.
the net seasonal exchange of ocean mass with land and other
reservoirs (Figure 6, black line). The maximum rate of the
seasonal exchange of mass into and out of the ocean from
the 500 km smoothed maps applied to the surface area of the
ocean analyzed is about 0.2 Sv (1 Sv ¼ 1  106 m3 s1).
The unsmoothed averaging kernel implies a more realistic
maximum rate of seasonal exchange around 0.6 Sv. Within
the oceans, water generally moves out of the subpolar
regions and into the subtropical regions in their hemispheric
winters, which tends to strengthen these gyres in that season.
The Arctic, with its comparatively small area, plays only a
small role in the global mass balance, although the seasonal
mass balance amplitude there is signiﬁcant and has been
linked to local runoff and precipitation minus evaporation
[Peralta-Ferriz and Morison, 2010].
[33] These seasonal patterns, and those of the decadal
trends, imply variations in the ocean’s depth-integrated
geostrophic circulation. Here we apply the geostrophic
relation to trends and seasonal cycles in ocean mass from
various maps to estimate the anomalous transports and
depth-averaged velocities associated with these patterns in
select regions. These estimates are subject to considerable
uncertainty, given the differences among the trends estimated from the CSR, JPL, and CSR maps, and should be
regarded as order-of-magnitude estimates.
[34] Regional trends in ocean mass (Figure 2) imply
long-term changes in depth-integrated current and gyre
strengths. One should ignore trends in the equatorial eastern Indian Ocean (owing to the 2004 earthquake), trends
northwest of the West Antarctic Peninsula (owing to ice
melt signal leakage), and near Greenland (owing to ice

melt signal leakage). The most notable remaining trends
from the CSR (and similar JPL) maps imply spin-downs in
the North Paciﬁc western boundary current extension and
the Subpolar (Weddell) Gyre and Antarctic Circumpolar
Current in the Atlantic and Indian sectors of the Southern
Ocean.
[35] In the North Paciﬁc, the average depth-integrated
zonal velocity trends estimated by applying the geostrophic
relation to meridional gradients in bottom pressure trends
averaged zonally between 170 E and 150 W (Figure 2a,
boxed region) peak at 0.16 cm s1 decade1 (westward)
at 36 N for the CSR maps (0.11 cm s1 decade1 at
39 N for the JPL maps and 0.08 cm s1 decade1 at
36 N for the GFZ maps). These are very small changes in
velocity. Even over a decade these velocity changes would
be very difﬁcult to detect directly with a conventional current meter array, as too many instruments and moorings
would be required to detect such a small signal in the presence of energetic mesoscale variations. However, applied
over the full water column and their full latitude range,
even these small velocities add up. Zonal transport integrated from 30 to 45 N is apparently changing by about
10 Sv decade1 (7 Sv decade1 for the JPL maps and
4 Sv decade1 for the GFZ maps) compared to a depthintegrated zonal transport estimate between 24 N and 47 N
across 180 E of order 30 Sv from a box inverse of fulldepth oceanographic section data [Macdonald et al., 2009].
Decadal changes of this size have been observed previously
in baroclinic geostrophic transports [Deser et al., 1999],
with decrease in transport from 2004 to 2010 [Giglio et al.,
2012; Qiu and Chen, 2010], but the GRACE signals could
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Figure 6. Seasonal mass redistribution among various areas with similar phases for monthly GRACE
Release-05 CSR 500 km smoothed maps (colored lines in 1012 m3 ; see inset map for areas considered).
The globally integrated seasonal cycle (black line) and trend (see Figure 1) in mass exchange between
the ocean and other reservoirs are removed prior to other computations.
reﬂect depth-independent velocity changes. If so, they
would be impossible to detect from transport estimates
relying on changes in subsurface geostrophic shear. They
could also be quite difﬁcult to detect by changes in surface
height. For instance, estimated zonal velocity trends estimated between 30 N and 45 N, if they were barotropic
(depth independent), would only imply a trend in seasurface height difference of 1.6 cm decade1 across that
latitude range for the CSR maps, only about 2% of the
mean sea surface height drop across the Kuroshio Extension, which approaches 1 m [Qiu and Chen, 2010].
[36] In the southwest Indian Ocean (including the northern eastward ﬂowing limb of the Weddell Gyre and the
Antarctic Circumpolar Current), depth-integrated zonal velocity trends averaged between 30 E and 70 E (Figure 2a,
boxed region) implied by the CSR maps peak at 0.30 cm
s1 decade1 (westward) at 50 S (0.21 cm s1 decade1
at 50 S for both the JPL and GFZ maps), suggesting a
slow-down in eastward transport. Indeed, the net zonal
transport integrated from 60 S to 40 S averaged over this
longitude range is changing by about 16 Sv decade1
(13 Sv decade1 for both the JPL and GFZ maps), compared to a net eastward transport between South Africa and
Antarctica of 135 Sv estimated from a box inverse of fulldepth oceanographic section data [Sloyan and Rintoul,
2001]. Again, if depth independent (barotropic), these velocity trends would be very difﬁcult to detect by conven-

tional means, and amount to an implied trend in sea-surface
height difference of only 2 cm decade1 for the CSR maps
across that latitude range.
[37] Seasonal depth-integrated transports inferred from
seasonal mass change (Figures 3 and 4) can be somewhat
larger than those inferred from the long-term trends. The
seasonal patterns are more robust among the three sets of
maps than those for the trends, so only estimates from the
CSR maps are discussed for the seasonal patterns. Here we
discuss four patterns: meridional ﬂows across 30 S in the
South Paciﬁc, zonal ﬂows in the South Indian Ocean across
90 E, and zonal ﬂows in the North Paciﬁc across 180 E,
both north and south of 23 N, where a seasonal phase transition is located.
[38] In the South Paciﬁc Ocean, the seasonal cycle yields
a meridional transport anomaly of around 9 Sv (anomalous
northward transport) across 30 S when integrated zonally
across the Paciﬁc on 1 August and 14 Sv (anomalous
southward transport) around 1 February. These values compare to a net northward ﬂow of order 40 Sv across 32 S in
the interior of the Paciﬁc, again estimated from a box inverse
[Macdonald et al., 2009]. Meridional velocity anomalies
associated with these transports are small: around 0.2 cm
s1 (northward) averaged across the Paciﬁc around 1 August
and 0.3 cm s1 (southward) around 1 February.
[39] In the South Indian Ocean, the peak seasonal zonal
velocity anomaly values across 90 E are found between

4237

JOHNSON AND CHAMBERS: GRACE SEASONAL CYCLES AND DECADAL TRENDS

45 S and 25 S and are near 0.2 cm s1 (eastward) around 1
August and 0.2 cm s1 (westward) around 1 February.
When integrated over the full ocean depth and their full latitude range, from 55 S to 17 S, these small velocities imply
around 24 Sv (anomalous eastward transport) across 90 E
around 1 August and near 22 Sv (anomalous westward
transport) around 1 February. These values can be compared to a net eastward transport between Australia and
Antarctica of 146 Sv, again estimated from a box inverse
[Sloyan and Rintoul, 2001].
[40] In the North Paciﬁc, peak zonal velocity anomalies
across 180 E reach 0.4 cm s1 (eastward) at 32 N in the
western boundary current extension between the subtropical and subpolar gyres around 1 February, but are only
around 0.1 cm s1 (westward) on 1 August. Here the
semiannual harmonic is strong (Figure 4), working to
shorten the duration and increase the strength of Boreal
winter velocity anomalies and reduce the amplitude but
lengthen the duration of Boreal summer anomalies. When
integrated over the entire ocean depth and latitudes
between 23 N and 42 N, the mass anomalies imply around
27 Sv (anomalous eastward transport) across 180 E around
1 February but only 6 Sv (a smaller amplitude but longer
duration westward transport anomaly) around 1 August.
The depth-integrated zonal transport estimate across 180
between 24 N and 47 N is about 30 Sv to the east, again
from a box inverse [Macdonald et al., 2009].
[41] Finally, geostrophic velocity estimates tend to be
exaggerated approaching the equator, where the Coriolis
Parameter approaches zero, but north of 5 N (where geostrophy may be applied safely) zonal depth-averaged seasonal velocity anomalies across 180 E in the tropical North
Paciﬁc peak near 8 N, reaching 0.5 cm s1 (westward)
around 1 February and 0.7 cm s1 (eastward) around 1 August. This North Paciﬁc tropical zonal ﬂow across 180 E,
when integrated over the full ocean depth between 5 N and
23 N, implies around 36 Sv (anomalous westward transport) around 1 February and around 43 Sv (anomalous eastward transport) around 1 August. The depth-integrated
zonal transport estimate between 10 N and 24 N across
180 E is about 20 Sv to the west from a box inverse of fulldepth oceanographic section data [Macdonald et al., 2009].

6.

Conclusions

[42] We have described relatively small redistributions
of mass among the ocean gyres and basins both seasonally
and over a decade. Seasonal redistributions among gyres
are on the order of 1 Sv. Decade-long redistributions in
ocean mass among basins are on the order of 1 mSv. Seasonal redistributions of bottom pressure imply much larger
geostrophic transports (on the order of 10 Sv), mostly associated with winter spin-up of subpolar and subtropical
gyres. Even the bottom pressure trends imply geostrophic
spin-downs on the order of 10 Sv decade1 in a few
locations. For either time scale, the velocity anomalies are
found over large lateral scales and would be quite small,
provided the expression of these signals is mainly barotropic. The smoothing required for the GRACE maps
likely contributes to the long spatial correlations.
[43] How far do these seasonal oscillations and decadal
trends in velocity carry a water parcel? For an annual har-

monic, each 0.1 cm s1 of amplitude corresponds to a total
lateral excursion of 10 km, so the South Paciﬁc meridional
ﬂows across 30 S correspond to a total meridional excursion of only 25 km between 1 February and 1 August. The
largest implied seasonal excursions are zonal ones along
8 N in the Paciﬁc for a total of about 60 km between 1 February and 1 August. Other locations discussed are intermediate in excursion distance. The decadal time scale trends
in velocity imply anomalous zonal excursions as large as
order 340 km over the decade-long record at latitudes with
peak velocity anomalies (e.g., along 50 S between 30 E
and 70 E). Of course, here we are assuming signals are relatively depth independent in making velocity and displacement estimates. While the actual geostrophic velocity
signature associated with these ocean mass distributions is
likely to be relatively depth independent at high latitudes, it
could be more baroclinic (most likely surface-intensiﬁed)
at lower latitudes [Köhl et al., 2012; Vivier et al., 2005;
Weijer et al., 2009].
[44] Many of these aspects of ocean mass variability
would be difﬁcult to measure by other means. One can
observe the stronger seasonal signals of bottom pressure
with in situ instruments, including the subpolar North Paciﬁc [Munekane, 2007]. However, instrument calibration
drift and the requirement to replace moorings periodically
owing to battery power limitations might prevent one from
assessing longer-term bottom pressure changes (e.g., decadal trends) with any conﬁdence from in situ observations.
The lateral transport changes are larger, but measuring the
small depth-averaged velocity anomalies associated with
them using in situ instruments would be very difﬁcult.
Thus, gravity measurements from GRACE provide unique
and useful data for analyses of low-frequency, gyre-scale
ocean circulation and mass redistribution.

Appendix A
[45] The effect of smoothing can be demonstrated using
a set of simulated gravity ﬁeld coefﬁcients analyzed using
an appropriately scaled, unsmoothed averaging kernel and
the area averages of 500 km smoothed maps. We create a
simulated set of GRACE-like gravity coefﬁcients for this
demonstration by combining monthly output from a land
hydrology model (Global Land Data Assimilation System
(GLDAS)-Noah [Rodell et al., 2004]; data downloaded
from http://grace.jpl.nasa.gov/data/gldas/ on 1 August
2012), ocean mass variations from a global ocean data
assimilation (JPL_ECCO [Fukumori, 2002; Kim et al.,
2007]; data downloaded from http://grace.jpl.nasa.gov/
data/ECCOOBP/ on 21 August 2012), simulated Greenland
mass loss at the glacier scale that matches GRACE estimates averaged for the entire ice sheet [Bonin and Chambers, 2013], and average mass loss from West Antarctica
that matches GRACE estimates [Chambers, 2009]. The
simulation used for this analysis extends from January
2002 through December 2011, one complete decade (with
120 monthly values), although offset by 1 year from the
GRACE time period analyzed here. We additionally add
random and correlated errors to the coefﬁcients that have
variances similar to those found in unﬁltered GRACE coefﬁcients [Bonin and Chambers, 2013]. Mass is exchanged
between the land and ocean on monthly time steps, and an
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Figure A1. Monthly global area-average interior ocean
mass values in sea level equivalent (centimeter) from a
simulation of GRACE-like coefﬁcients with noise added,
showing the true signal with no noise added (black
crosses), applying an unsmoothed averaging kernel (purple
line), and from an area-weighted average of 500 km
smoothed maps (magenta line). Data within 300 km of
coastlines (see Figure 2) are not considered. Linear ﬁts
(dot-dashed line) to the true signal (black), the unsmoothed
averaging kernel (purple), and the 500 km smoothed maps
(magenta line) show differences among the trends.

equilibrium ocean response is assumed. The simulated
coefﬁcients are then mapped using the exact method of
Chambers and Bonin [2012], including destriping, leakage
correction, and smoothing with a 500 km Gaussian ﬁlter.
[46] Comparison of the global averages from the truth,
the unsmoothed averaging kernel, and the area-weighted
average of the smoothed maps (Figure A1) shows that the
area-weighted average underestimates both the long-term
trend and the seasonal cycle. Experiments with various
combinations of the Gaussian function, destriping algorithm, and leakage correction indicate the attenuations arise
from combinations of destriping and residual leakage of
signals from land and the ice sheets. Without applying the
leakage correction, the trend is signiﬁcantly larger. Not
applying the destriping algorithm reduces the attenuation in
the global average mass time series, but makes local bottom pressure variations too noisy to be useful for many purposes [Chambers and Bonin, 2012]. Both the averaging
kernel used and the area-weighted average exclude regions
within 300 km of continental and large island coastlines.
The unsmoothed averaging kernel is optimized with a scaling factor of 1.1 to account for signal attenuation [Chambers, 2009].
[47] While the amplitude of the annual cycle using an
unsmoothed averaging kernel is 102% of the truth’s and the
trend about 85% of the truth’s (agreeing to 0.01 cm in seasonal amplitude and 0.2 cm decade1 of equivalent sea
level rise), the trend calculated from the mapped data is
only 43% of the truth’s, and the mapped data global seasonal cycle amplitude is 82% of the truth’s. A mean offset
and a linear scaling factor of 1.36 applied to the time series
from the mapped data would minimize the differences with
the truth. This scaling factor would bring the amplitude of
the seasonal cycle up to 111% of truth, but the trend would

still only be 59% of the truth. Because the simulated data
underestimate both the amplitude of the seasonal variation
and trends in ocean mass, owing to the lack of surface
water and snow in some areas in the hydrology model, we
experiment with scaling the model signals upward to
account for this. The scaling factor and percentage attenuation of the trend relative to the truth do not change signiﬁcantly for several iterations of increasing mean ocean mass
rates. The scaling factor does get smaller as shorter time
periods are used, because the attenuation of the annual
cycle in the smoothed maps is less than the attenuation of
the trend. Linear scaling coefﬁcients computed using 3
year spans of the data are only 1.17–1.28. Hence, conclusions in this study regarding the spatial patterns of the seasonal cycle are likely to be more robust than those
regarding the spatial patterns of long-term trends.
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